Background: Metatranscriptomics is rapidly expanding our knowledge of gene expression patterns and pathway dynamics in natural microbial communities. However, to cope with the challenges of environmental sampling, various rRNA removal and cDNA synthesis methods have been applied in published microbial metatranscriptomic studies, making comparisons arduous. Whereas efficiency and biases introduced by rRNA removal methods have been relatively well explored, the impact of cDNA synthesis and library preparation on transcript abundance remains poorly characterized. The evaluation of potential biases introduced at this step is challenging for metatranscriptomic samples, where data analyses are complex, for example because of the lack of reference genomes.
Background
Metatranscriptomic approaches based on next generation sequencing have emerged as a powerful tool to provide insight into microbial activity in complex environmental communities, such as marine [1] [2] [3] [4] [5] [6] [7] , soil [8] [9] [10] or human internal organ ecosystems [11] . However, these studies have used many different methods for cDNA synthesis, making comparison of the results difficult and highlighting the challenges of analyzing RNA samples from environmental communities. Indeed, due to sampling constraints, the quality and quantity of RNA available for library preparation may be very heterogeneous and limited [12, 13] . For these reasons, the most common strategies used for cDNA synthesis rely mainly on polyadenylation of prokaryotic mRNA, followed by a linear or exponential amplification of cDNA [1] [2] [3] [4] [5] [6] [7] 11] . Usually, an rRNA removal treatment precedes the cDNA synthesis, to reduce the predominant rRNA fraction (which can be more than 95%) [14] . Different methods for ribosomal RNA removal have been reported [15] [16] [17] and compared in GC-rich transcriptomes [18] , and in synthetic [19] and natural microbial communities [20, 21] , giving an extensive overview on their efficiency and biases. By contrast, even if most studies validate the transcript abundance inferred by sequencing data using quantitative real-time reverse transcription PCR (qRT-PCR) to check for artefacts in cDNA amplification [1] [2] [3] [4] , the bias introduced at this step remains poorly explored.
Recently, several new cDNA preparation methods especially conceived for RNA-Seq have been released and, for some of them, the impact on data analysis and interpretation in eukaryotic transcriptomes has been reported [22] [23] [24] . Our work aimed to expand upon these studies by focusing on microbial metatranscriptomics. We tested three methods that should, in principle, permit the experiment to be initiated from small inputs, equal to or lower than 100 ng total RNA, a realistic quantity available from environmental sampling. We prepared libraries with SMARTer Stranded RNA-Seq Kit from Clontech (SMART), the Ovation RNA-Seq System V2 (OV) and the Encore Complete Prokaryotic RNA-Seq System (ENC, recently renamed Ovation Complete Prokaryotic RNA-Seq) from NuGEN and compared them with the TruSeq Stranded Total RNA Library Preparation from Illumina (TS), one of the most widely applied methods for RNA-Seq studies (for a methods overview, see Table 1 ). Whereas TS and SMART cDNA protocols are based on synthesis by random priming after RNA fragmentation, the ENC synthesis is carried out using selective primers with decreased affinity for rRNA sequences, with no need for prior ribosomal depletion. Finally, the OV system allows cDNA synthesis by oligo(dT) and random priming. Even if this protocol is not especially developed for prokaryotic RNA-Seq, it proved to be very efficient to detect viral RNA sequences in clinical samples containing ultra-low amounts (some femtograms) of viral RNA genomes [25] . Therefore, we chose to test it because of its robustness in library yield when very low amounts of RNA are available. This is possible because of a linear amplification step that allows the production of micrograms of double-stranded cDNA from a few nanograms of RNA.
In this study, we tested the four RNA-Seq methods on four well-known microbial species, individually and pooled together, and assessed their performances. We evaluated rRNA depletion efficiency and bias; library complexity; alignment efficiency; gene detection sensitivity and abundance; evenness of transcript coverage; and technical reproducibility. Our results revealed the strengths and weaknesses of each method, and provided guidelines for choosing the method that is best adapted for metatranscriptomic studies.
Results

Experimental design
To overcome the extreme complexity of environmental samples, we set up a simplified benchmark comprising total RNA from four microbial species: two Gram negative organisms, Escherichia coli MG1655 and Acinetobacter baylyi ADP1; and two Gram positive organisms, Lactococcus lactis MG1363 and Bacillus subtilis 168. The four species, for which reference genomes are available, have different GC contents, heterogeneous genome sizes and gene contents (Additional file 1: Table S1 ). They were cultivated in different conditions reflecting their different gene expression dynamics.
We prepared libraries using total RNA (control libraries) and depleted RNA individually from the four microorganisms and from a pool of four RNAs (hereafter named MIX) in duplicate, starting from the same individual RNAs and MIX sample. Using Illumina paired-end sequencing, we generated, on average, 20.5 M reads and 0.8 M reads for the control and depleted RNA libraries, respectively (Table 2) . Reads were cleaned as described in the Methods and subsequent analyses were performed on the remaining data (cleaned reads). Here we discuss the data analyses of the L. lactis and MIX datasets. The results obtained for the other bacterial species are mostly presented in the Additional files.
rRNA removal efficiency rRNA depletion using the Ribo-Zero kit was efficient: the proportion of rRNA reads was less than 1% for the TS and OV libraries, and less than 3% for the SMART library (Table 2) . By contrast, this proportion increased to 38% in the ENC libraries, suggesting that the selective priming in the ENC method is not efficient. This led to a decreased number of useful reads, which could negatively affect metatranscriptomic studies where deep sequencing is needed to obtain sufficient coverage.
Library complexity
We assessed the complexity of each library by calculating the number of duplicated paired reads. We preferred to evaluate the duplication on paired reads rather than on single reads, as they take into account the PCR duplicates. The results (Table 2) showed satisfactory values for all experiments, except for the SMART control libraries. The very high duplication rate in these libraries could reflect an insufficient amount of input RNA (1 ng), which resulted in a low final library yield. Consequently, the number of useful reads in these libraries was lower. The duplication rates in the OV and ENC libraries were not comparable to the others, because in these preparations, cDNAs are randomly sheared after their synthesis. Indeed, this fragmentation step introduces additional diversity into the starting position of the sequence.
Transcript coverage and orientation
Reads from the L. lactis libraries were aligned against the L. lactis CDS sequences to estimate the specificity of each method. TS produced the best mapping percentages to the CDS sequences (72 and 77%), followed by OV and SMART (61 to 65%) ( Table 2 ). Mapping rates were variable for the ENC samples (51 and 67%), indicating that this protocol was less reproducible. Based on L. lactis gene prediction, we assessed the orientation of the reads in SMART, ENC and TS libraries, which were expected to preserve the coding strand information. Around 99% of SMART and ENC reads mapped to the sense strand, whereas around 99% of TS reads mapped to the antisense strand, as expected according to the manufacturer's specifications. These strand-specific methods are advantageous for de novo transcriptome assembly, gene annotation and detection of potential antisense transcription.
The ENC protocol had the highest rate of intergenic covered bases (21%) and OV had the lowest (13%) (Additional file 1: Table S2 ). As a rigorous DNAse treatment was applied, we could infer that the presence of reads mapping to intergenic regions reflected the capture of RNAs at different steps of their maturation or synthesis. Indeed, the same RNA extractions were used for each experiment, suggesting that these differences in the percentages of intergenic regions could be attributed to the different RNA reverse transcription protocols.
We evaluated the evenness of CDS coverage for each method, based on the L. lactis CDS coverage extracted from the MIX experiments. TS, OV and SMART covered the CDS globally over their entire lengths, with a drop at the 5′ and 3′ extremities. ENC had a higher coverage rate at the 5′ extremities. Plots of CDS-accumulated coverage versus their GC content showed that high GC content CDS were detected less frequently in OV libraries, whereas the other methods presented the same global profile for all the CDS, irrespective of GC content (Figure 1 ).
Metatranscriptome bias evaluation
The MIX samples were especially useful for assessing if the cDNA and library preparation methods had introduced bias into the pattern of gene expression from each bacterial species in a multispecies context. After alignment of MIX library reads against CDSs, we observed that the distribution of reads attributed to each organism was similar for the TS, SMART and ENC samples (Additional file 1: Table S3 ). However, the distribution of the OV reads was quite different: in particular, 38% of the reads were attributed to L. lactis, compared with 20-25% for the other methods. Again, the OV method seemed to introduce a bias in relation to the GC content of the genomes (Additional file 1: Table S1 ).
We then normalized the RNA-Seq fragment counts by calculating the fragments per kilobase of CDS per million fragments mapped (FPKM) and performed a linear correlation between the L. lactis and MIX samples. L. lactis mRNA abundances correlated well in the MIX and the single species samples for all the methods, except for SMART (Table 3 and Additional file 2: Figure S1 ). For this method, however, almost all the CDSs in the L. lactis sample were present in the MIX. Indeed, we observed that absent genes in the MIX had the lowest FPKM values in the L. lactis sample. The L. lactis RNA quantity used in the MIX sample preparations was four-fold less than that in the L. lactis libraries. We inferred that this led to a loss of information, essentially for the lowest-expressed genes.
Experimental reproducibility
To test the robustness of each method, the Pearson correlation coefficients between the two replicates of the L. lactis samples were calculated ( Table 3 ). The OV and SMART methods performed best (Pearson correlation coefficient r =0.995), whereas the ENC method was the least reproducible (r =0.736) ( Table 3 and Additional file 2: Figure S2 ). The variability in the CDS detection between two replicates was around 8%, except for ENC (11%). For the MIX samples, replicates for each of the four methods all correlated well (Additional file 2: Figure S3 ).
Gene expression level
We compared the gene expression patterns to examine how they were affected by the different cDNA synthesis methods. We considered the TS experiments as a reference and calculated the Pearson correlation and the percentage of differentially expressed genes (DEGs) for each method in the L. lactis samples (Tables 3 and 4 , Additional file 2: Figures S4 and S5 ). This choice was based on the fact that TruSeq experiments are not made with limited amounts of RNA and should better reflect the complexity of the transcriptome. Indeed, in this study, experiments performed with TS produced the best results in terms of library complexity, gene detection and coverage, and reproducibility.
Surprisingly, broad differences in gene expression patterns were observed. ENC was the least correlated method (r =0.57), with 31% of L. lactis genes detected as differentially expressed (p < 0.01). The OV experiments performed slightly better (r =0.696) with 28% of DEGs. SMART was the best correlated method (r =0.805) and the number of genes detected as differentially expressed in comparison to the TS experiment was not significant. The same comparison made within the MIX samples showed similar results. The SMART MIX sample was the best correlated, even if the percentage of DEGs was slightly higher (9.2%) than in the L. lactis libraries (Table 4 , Figure 2 and Additional file 2: Figure S6 ).
We showed previously that the GC content could influence the results. Therefore, we verified if highly differentially expressed genes were correlated with their GC content. This analysis was limited to ENC and OV MIX libraries as the number of genes to be considered in the SMART libraries was not statistically significant. The results showed that the ENC profiles of overexpressed and underexpressed genes were similar ( Figure 3 ). No correlation was evident between the GC content of the genes and their differential expression. In contrast, differences in OV gene expression patterns were clearly correlated with the GC content. Specifically, expression of low GC content genes was overestimated and GC-rich genes were penalized, confirming our previous observations that the OV method introduces a bias in favor of low GC genes.
To validate the results of the sequencing experiments, we performed qRT-PCR analysis on certain selected L. lactis genes and compared qRT-PCR quantifications with the read counts of the same genes in the sequenced transcriptomes. A strong positive correlation was observed for the TS and SMART experiments (r =0.948 and 0.965, respectively). ENC showed a slightly lower correlation (r =0.899), whereas gene expression levels in OV were significantly different (r =0.603) (Additional file 2: Figure S7 ). This experiment confirms that, among the "low-input" methods, SMART most reliably represents the mRNA abundance.
Depletion effect
Ribo-Zero treatment protocol was adapted for SMART and OV experiments to fit with total RNA inputs of 50 ng. Hence, we investigated if this technical modification had an impact on the mRNA expression profiles. Linear correlation of gene expression patterns between libraries prepared from total RNA (control libraries) or depleted ones showed similar percentages of mapped reads (Table 2) , as well as a strong correlation (Table 3) for TS (r =0.913) and OV (r =0.97). No bias in the expression profiles was observed (Table 4 and Additional file 2: Figures S8 and S9) .
Curiously, we noticed that in the OV control libraries, the percentage of rRNA reads was significantly lower than expected (less than 78.5% and 84% in the L. lactis and MIX libraries, respectively). This observation suggested that the OV RNA priming strategy has a decreased affinity for rRNA. At least two hypotheses could explain this observation: first, the presence of oligo(dT) primers could influence priming of RNA by an unknown mechanism. Second, in this system, random and oligo (dT) primers are coupled to an RNA stretch that is necessary to create the anchoring site for the primer used in subsequent linear amplification. The sequence and length of this RNA stretch, and of the primer, are not available; therefore, we cannot exclude the possibility that they recognize some specific RNA regions, introducing a bias. The same arguments could explain the strong preference of this method towards amplification of low GC content genes.
The comparison between control and depleted libraries prepared using the SMART method revealed a greater bias, especially for the L. lactis sample (Additional file 2: Figures S8 and S9 ). This probably resulted from the low complexity of the control libraries rather than a bias induced by rRNA depletion. In fact, as the duplication rate was very high in the control libraries (at least 54%), the number of unique mappable reads and of CDSs detected also strongly decreased (66.6 and 70.9%). However, Pearson correlation between total and depleted samples was satisfactory (0.900), and the percentage of DEGs was not significant, showing that the expression patterns of the detected genes were not affected.
To verify if the complexity of the library was altered because of an insufficient initial quantity of input RNA, we prepared a library starting from 5 ng of total RNA. As expected, the duplication rate decreased to 14.4% and read results were comparable to the depleted L. lactis library (Additional file 1: Table S4 and Additional file 2: Figure S10 ). The same experiment from 5 ng total RNA was performed for the MIX and similar results were obtained. Thus, the minimal input for the SMART method should be higher than 1 ng to obtain the best performance.
Other bacterial species
The same analyses described above were also performed for the other species to confirm the previous conclusions. Our results (Additional file 1: Tables S5, S6 and S7) confirmed the observations made for the L. lactis and MIX samples. Globally, TS and SMART performed best for all the species, whereas OV performances were highly variable. On A. baylyi, OV performed relatively well, based on CDS alignments and Pearson correlation coefficients, whereas in B. subtilis, the results were poor for all measures. Moreover, as in the case of L. lactis, the OV control libraries had lower rRNA read percentages than the SMART and TS libraries. This value varied significantly among species, with 87.6% of rRNA reads for the E. coli control library and only 54.8% for B. subtilis control library. Once again, it seems that the OV random priming disfavors rRNA retrotranscription, but at different levels according to the species. Finally, previous observations of ENC performances were confirmed in the experiments using the other bacterial species: ENC-depleted libraries showed a high percentage of rRNA reads. Similar to L. lactis, the ENC method correlated least well with TS. SMART had the highest correlation coefficient for all the species.
Discussion
Ribosomal RNA depletion does not introduce significant bias, even at very low inputs
We observed that ribosomal RNA removal treatment by Ribo-Zero is very efficient on every type of sample, as previously shown by Giannoukos et al. [21] . In contrast to this previous study, our protocol was adapted for inputs lower than those defined by the manufacturer to successfully remove rRNA from only 50 ng total RNA. Not only did rRNA reads account for less than 3%, irrespective of the downstream library preparation method, but also the depletion did not seem to introduce biases in mRNA relative abundance, as indicated by the high correlations between total RNA and rRNA-depleted libraries (Pearson coefficient >0.884). However, the selective priming strategy adopted by the ENC method seems much less efficient. As selective primers are designed to counter-select rRNA sequences of the most common bacterial species, including our benchmark species, we predict even lower performances when the method is applied to complex environmental samples, which often comprise unknown or poorly characterized organisms.
Technical reproducibility is high
Technical reproducibility, evaluated by Pearson correlations between replicates, was good for TS, OV and SMART (values >0.886). ENC performed less well for the L. lactis replicates, but not in the MIX, so we are cautious to make conclusions about its robustness. The negligible technical variation within replicates indicated that biases related to each method are also reproducible and are not influenced by the setting up of technical replicates.
TruSeq performs well but is not adapted to "low-input" studies
The impact of the four library preparation methods on data quality was evaluated by comparing library complexity, specificity in mRNA detection, evenness of CDS coverage in individual and mixed populations, and gene expression patterns. For most of these values, TS performed best, showing the best transcriptional coverage and parameters on CDS alignments (more than 70%) and gene expression profiles. This is not surprising, as initial experiments were conducted from 4 μg total RNA. Lowering the input to 400 ng did not seem to skew the library composition (Additional file 2: Figure  S11 ). Conversely, we tried to construct libraries with only 100 ng total RNA, but the library preparation failed or the yield was very weak (data not shown). Thus, the TS method seems to be limited by input RNA requirements and does not appear appropriate for most microbial metatranscriptomic studies.
Encore Complete method has a higher cost per sample because of inefficient removal of rRNA
The ENC library expression profiles were comparable to those obtained with OV and SMART, and they were similar in terms of CDS coverage in both the L. lactis and MIX experiments. However, because of a high % of rRNA reads, ENC libraries have to be sequenced deeper to obtain sufficient transcriptome coverage. Hence, this method would introduce additional costs to metatranscriptomic studies that require an important sequencing effort to explore the complexity of these samples in depth.
Ovation RNA-Seq system is the best solution at very low inputs but the quantitative information is biased
The OV library preparation was the simplest and most reliable in terms of library preparation workflow and final yield. It produced several micrograms of doublestranded cDNA starting from less than 0.5 ng RNA (which could be equivalent to about 50 ng if a depletion treatment was necessary). cDNA synthesis was successful even at concentrations of only a few pg (data not shown). A cDNA aliquot could then be used, after shearing, in a standard Illumina library preparation. All the preparation steps are easily amenable to automation.
Reads mapping from OV libraries clearly showed that the CDSs detected were the same found by the other methods and technical reproducibility was satisfactory. By contrast, in the MIX experiments, species distribution was significantly biased. Moreover, we detected evidence of a strong bias in gene expression profiles (r =0.589), particularly in favor of low GC content genes. Another surprising result was the relatively low percentage of rRNA reads in the total RNA control libraries. This led us to hypothesize that the random priming is not truly "random", or that the concurrent presence of oligo(dT) or addition of RNA primer stretches could bias the RNA retrotranscription or cDNA amplification. This should be further explored by including more complex samples with GC and AT-rich species. Finally, this strategy does not provide information about strand orientation, which could be very useful for de novo transcriptome assembly and gene annotation. For all these reasons, we would be very cautious in applying this method for metatranscriptomic studies and, more generally, in quantitative studies.
SMARTer is the best compromise for intermediate RNA inputs
The SMARTer method is a recent release from Clontech that aims to provide a random and stranded version of the first SMARTer Low Input library kit (oligo(dT) priming), which has been used successfully for eukaryotic single cell transcriptomic studies [26, 27] . Indeed, the Low Input oligo(dT) version is robust at very low inputs (even less than 1 ng total RNA) and we experienced this during a marine plankton metatranscriptomic study with satisfactory results (data not shown). The minimal RNA input indicated by the manufacturer for the new random stranded protocol is 1 ng RNA (depleted or total) and, to test it at the minimal input requirements, we prepared control libraries from 1 ng total RNA. Surprisingly, the final library yields were very low and the results obtained from sequencing of these libraries were not satisfactory: high duplication rates coupled to low alignment percentages suggested an insufficient library complexity. The poor efficiency was somewhat surprising but, in opposition to the oligo(dT) low-input method, this protocol does not include an exponential amplification of cDNA before Illumina library preparation. Indeed, single-stranded cDNA is directly amplified with oligonucleotides provided with the kit, which contain Illumina adaptor sequences to obtain a ready-to-sequence library. This could explain why the yields obtained with this method are different to those of the SMARTer low-input version. The same control experiment performed starting from 5 ng of total RNA produced much better results, leading us to conclude that the minimal RNA input indicated by the manufacturer is not sufficient to preserve sample diversity, even in samples with only one bacterial species. This should be taken into account when choosing the initial RNA quantity to be depleted. Fifty ng seems to be the lower threshold to obtain sufficient library yield and satisfactory transcriptional coverage. In fact, with these inputs, the MIX libraries showed good library complexity, species representation, and gene detection and abundance. However, we could not estimate the exact depleted RNA quantity used for cDNA synthesis after RNA depletion. The rRNA quantity present in a given sample is variable, and depends on growth conditions and the state of the cell at the moment of extraction. It has been demonstrated that non-cultivated environmental bacterial cells contain less mRNA molecules than laboratory strains. For example, only~200 transcripts are present simultaneously in a marine bacterial cell versus~1800 mRNA molecules in exponentially growing E. coli [28] . mRNA yield after depletion could vary and easily be closer to 1 ng. Finally, the SMARTer method appears the most satisfying solution for metatranscriptomic studies. However, we propose that more than 50 ng of total RNA should be used to produce robust results.
Gene expression patterns are dependent on the library construction method
One of the most relevant results of this study is the difference in gene expression patterns among the methods. We clearly demonstrated that comparison of ENC or OV data with TS or SMART would lead to false DEGs detection. By contrast, TS and SMART libraries appear to produce more accurate results, which were corroborated by qRT-PCR experiments. This emphasizes that comparison of RNA-Seq studies performed using different library protocols could be hazardous, and should be carefully evaluated. Knowledge of biases of each method, as provided in the present study, is essential to help interpret the results.
Conclusions
In this work, we evaluated the impact of cDNA synthesis and library preparation methods on a simplified metatranscriptome. We used four well-characterized bacterial species, individually or pooled together, to mimic a controlled metatranscriptome. First, we showed that the ribosomal depletion treatment by Ribo-Zero efficiently reduces the rRNA reads and does not introduce significant bias, even at an input as low as 50 ng of total RNA. We therefore strongly suggest applying this treatment before library preparation to reduce sequencing costs, particularly in metatranscriptomics studies where deep coverage is needed.
Second, the best library preparation method was closely associated with the initial total RNA quantity used for cDNA synthesis. The TruSeq Stranded protocol produces accurate and reproducible transcriptomic patterns when RNA quantity is not limiting. However, it is not realistic to apply this method for metatranscriptomic samples, usually characterized by very low RNA quantities. Among the methods adapted to lower-input RNA, SMARTer Stranded performed adequately both in terms of library yield and data quality. It has the advantage of retaining the coding strand orientation information and it would be suitable for quantitative analysis as shown by the consistency of gene expression patterns. Importantly, we show that TS and SMART results are comparable and can be used together in DEGs analyses. Finally, with very low amounts, the Ovation RNA-Seq System V2 is the only one to guarantee the success of library preparation and sequencing. Nevertheless, this method introduces a significant bias in species abundance and gene expression patterns, probably at priming steps in reverse transcription or linear amplification. Therefore, it may not be helpful for quantitative analysis. However, it allows the production of gene catalogs with extremely low-input samples, which could not be explored otherwise. Thus, the present study provides guidelines that allow the choice of the best-fitted library preparation method for microbial metatranscriptomic studies.
Methods
Bacterial cultures and lysis
E. coli MG1655 and B. subtilis 168 were grown in 10 ml LB broth with shaking at 37°C to an O.D. 600 of approximately 0.5. L. lactis MG1363 was grown in 10 ml M17 broth supplemented with 0.5% glucose, without shaking, at 30°C to an O.D .600 of about 0.5. A. baylyi ADP1 was grown in 10 ml MAS broth at 30°C with shaking to an O.D. 600 of approximately 0.7. For each culture, 6-9-ml aliquots, corresponding to about 1 × 10 8 cells, were harvested by centrifugation at 6000 × g for 5 min at 4°C. The supernatant was removed. Cell lysis was performed differently depending on Gram + or Gram -species. L. lactis and B. subtilis pellets (Gram + ) were resuspended in 100 μL TE buffer (10 mM TrisHCl, 1 mM EDTA, pH 8) plus 10 μl lysozyme (150 mg/ml, Sigma, St Louis, MO) and 20 μl proteinase K (10 mg/ml, Qiagen, Valencia, CA). Samples were incubated at room temperature for 10 minutes with 10 sec vortexing every 2 minutes during incubation. E. coli and A. baylyi pellets were resuspended in 200 μl of preheated (95°C) Max Bacterial Enhancement Reagent (Ambion, Austin, TX) and the tubes were incubated for 4 minutes at 95°C.
RNA extractions
RNA extractions were performed immediately after lysis by using TRIzol solution (Ambion), followed by chloroform phase separation and isopropanol/ethanol RNA precipitation. After a first quantification by Qubit 2.0 fluorometer using Qubit RNA HS Assay Kit (Life Technologies, Carlsbad, CA), 10 μg total RNA aliquots were treated with Turbo DNA-free kit (Ambion), according to the manufacturer's instructions. After 30 minutes of incubation and final addition of the inactivation reagent, the supernatant was recovered and the Qubit 2.0 fluorometer was used to quantify the RNA.
Capillary electrophoresis on an Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA) was used to analyze approximately 3 ng of each RNA, using the RNA 6000 Pico LabChip kit. All RNA samples showed RIN values between 8 and 9.7. Assessment of the efficiency of DNAse treatment by PCR on 10 ng total RNA using strain-specific primers completed the validation of the samples. Phusion High Fidelity PCR Master Mix (Life Technologies) was used to run reactions which included a positive (fresh colony lysate in water) and a negative (nuclease-free water) amplification control. Equimolar amounts of total RNA from the four species were pooled to form the MIX sample. This was the starting material for all the synthetic metatranscriptome experiments.
rRNA removal treatments
A Ribo-Zero Magnetic Kit for Bacteria (Epicentre, Madison, WI) was used to deplete ribosomal RNA before each cDNA synthesis by TS, SMART or OV methods. The Ribo-Zero depletion protocol was modified to be adapted to different RNA input amounts. Different total RNA inputs were depleted, varying from 50 ng up to 4 μg. The volume of magnetic beads and rRNA removal solution varied according to the RNA input as follows: 225 μl beads and 10 μl removal solution in a final volume of 40 μl for inputs >1 μg; 125 μl beads and 4 μl rRNA removal solution in a 20 μL final reaction volume for 100 ng to 1 μg inputs; 90 μl beads and 2 μl rRNA removal solution in a 20 μl reaction volume for <100 ng inputs. Except for these modifications, depletion was performed according to the manufacturer's instructions.
Depleted RNA was purified with the RNA Clean and Concentrator-5 kit (ZymoResearch, Irvine, CA), following the procedure described for retention of >17 nt RNA fragments. RNA was eluted in 8 μl nuclease-free water in two elution steps to maximize recovery. When the total RNA input was > or equal to 400 ng, a qualitative and quantitative assessment was performed using 1 μl of depleted RNA diluted to 1:1 with water. One μl was used for quantification by the Qubit RNA HS Assay and 1 μl was run on an Agilent Bioanalyzer, using the RNA 6000 Pico LabChip kit. The Agilent profile showed a dominating small size (<200 nt) peak presumably corresponding to 5S and tRNA species. No 16S and 23S peaks were detectable. Upon Qubit quantification, recovery from 400 ng inputs was approximately 8%.
Sequencing libraries TruSeq libraries
Libraries were constructed using depleted RNA obtained from 4 μg, 400 ng and 100 ng total RNA. In the case of 4 μg total RNA input in depletion, RNA was quantified by Qubit and 30 ng of depleted RNA was used for library preparation. In the other cases, RNA was not quantifiable and the entire volume was used for library preparation. The TruSeq Stranded mRNA Sample Preparation kit (Illumina, San Diego, CA) was used. This kit includes a first poly(A) + RNA selection step by oligo (dT) beads, which may be skipped when working with rRNA-depleted RNAs, as in our case. Therefore, we introduced depleted RNAs in the preparation at the RNA fragmentation and priming step. Five μl of depleted RNA was directly added to 13 μl of Fragment, Prime, Finish mix and incubated for 8 min at 94°C for RNA fragmentation and priming. Thereafter, the libraries were prepared according to the manufacturer's protocol without further modifications. Total RNA control libraries were constructed from 50 ng of total RNA following the same protocol modifications (poly(A) + selection step skipped).
Ovation libraries
Depleted RNA obtained from Ribo-Zero treatment of 50 ng total RNA was used to synthetize and amplify cDNA using the Ovation RNA-Seq System Version 2 (NuGEN, San Carlos, CA), following the manufacturer's protocol. Control cDNA libraries were also prepared from 0.5 ng total RNA following the same protocol. cDNA yield, measured fluorometrically by Qubit DNA HS Assay, was >2 μg. An Agilent Bioanalyzer evaluated the cDNA profile using a DNA High Sensitivity LabChip kit. cDNA (500 ng) was sheared by a Covaris E210 instrument (Covaris, Woburn, MA) under the following conditions: 10% duty cycle, 5% intensity, 200 cycles per burst, 300 sec in frequency sweeping mode.
Sheared cDNA was used for Illumina library preparation by a semi-automatized protocol. Briefly, end repair, A-tailing and Illumina compatible adaptors (BiooScientific, Austin, TX) ligation were performed using the SPRIWorks Library Preparation System and SPRI TE instrument (Beckmann Coulter Genomics, Danvers, MA), according to the manufacturer's protocol. No size selection was applied, such that most of the fragments were recovered. Twelve PCR cycles using a Platinum Pfx Taq Polymerase Kit (Life Technologies) and Illumina adapter-specific primers amplified the DNA fragments. AMPure XP beads (0.8×; Beckmann Coulter Genomics) were used to purify the libraries.
Encore Complete libraries
One hundred ng total RNA was used to prepare libraries for the Encore Complete Prokaryotic RNA-Seq System (NuGEN), following the manufacturer's protocol without modifications. Briefly, after first-strand synthesis with selective proprietary primers, and second-strand synthesis with nucleotide analogs, cDNA was sheared by Covaris E210 using the same parameters described for the fragmentation of cDNA obtained using the OV method. Sheared cDNA was ligated to Illumina compatible adaptors containing the nucleotide analog in one strand. Next, the cDNA and adaptor strands containing the analog were selectively removed (Strand Selection), leaving only one cDNA strand with both adaptor sequences attached. This product was then converted into a ready-for-sequencing library by PCR amplification followed by 1× AMPure XP beads purification.
SMARTer libraries
Depleted RNA obtained from Ribo-Zero treatment of 50 ng total RNA was used to synthetize and amplify cDNA using the SMARTer Stranded RNA-Seq Kit (Clontech, Mountain View, CA), following the manufacturer's protocol. After first-strand synthesis with SMARTer oligonucleotides, including partial Illumina adaptor sequences, single stranded cDNA was purified by two rounds of clean-up with 1× AMPure XP beads. The purified product was amplified by 18 cycles PCR with SeqAmp DNA polymerase and the Illumina Index Primer set, both provided in the kit. 1× AMPure XP beads were used to purify the final libraries. Control libraries were prepared from 1 ng and 5 ng total RNA.
Library quality control and sequencing
Libraries were quantified by qPCR using the KAPA Library Quantification Kit for Illumina Libraries (KapaBiosystems, Wilmington, MA) and library profiles were assessed using the DNA High Sensitivity LabChip kit on an Agilent Bioanalyzer. Libraries were sequenced on either an Illumina Miseq or a HiSeq2500 instrument using 150 base-length read chemistry in a paired-end mode.
Data quality control pipeline
After sequencing, an in-house quality control process was applied to reads that passed the Illumina quality filters (raw reads). The sequences of the Illumina adapters and primers used during the library construction were removed from the whole reads. Low-quality nucleotides (quality value <20) were removed from both ends. The longest sequence without adapters and low-quality bases was kept. Sequences between the second unknown nucleotide (N) and the end of the read were also trimmed. Reads shorter than 30 nucleotides after trimming were discarded. These trimming steps were achieved using internal software based on the FastX package [29] . The reads and their mates that mapped onto run quality control sequences (PhiX genome) were removed. Finally, the reads and their mates that mapped onto a ribosomal sequences database were removed using SortMeRNA software v 1.0 [30] . This software is designed to filter transcriptomic reads data. It contains different rRNA databases and, after treatment, splits the data into two files: rRNA reads in one file and no rRNA reads in another. The cleaned reads from the OV and SMART samples were specifically trimmed (respectively the first 12 and three bases in respect of the manufacturer's recommendations). No specific trimming was applied to the cleaned reads from the TS and ENC samples.
All standard metrics (number of reads, number of trimmed bases, number of rRNA reads) were checked on the raw, cleaned and trimmed reads to verify the effects of each treatment. Further analyses were performed on the remaining high-quality data (cleaned reads). Data have been deposited in the European Bioinformatics Institute Short Read Archive (SRA) under accession numbers listed in Additional file 3.
Read mapping onto the reference CDS and statistical analyses
Each sample was mapped against its respective CDS sequences using BWA software version 0.6.1 [31] with its default parameters, allowing two mismatches in the seed (length of 35). The reference sequences were downloaded from the MicroScope website [32, 33] . For the pool, the references were put in a unique file. An estimation of the duplicated reads rate was performed on a set of 100 000 reads using markDuplicates, which is included in the Picard tools package [34] . Duplicate reads were defined as having both mates aligned at the same position on the genome. The FPKM values were calculated for each sample using the normalized reads counts for each annotated gene ((1000 × read count) ÷ (number of gene covered bases × number of mapped fragments in million)). Unmapped reads were removed, retaining only read pairs with both reads aligned to the CDS sequences. The comparison between two different samples was visualized by a scatter plot of the LOG 10 of the FPKM. The Pearson correlation coefficient of the gene expressions between the samples were calculated using the R package version 3.0.2 [35] . The statistical analyses on the read counts were performed with the DESeq package version 1.4.1 [36] to determine the proportion of differentially expressed genes between two samples for a p-value <0.01.
qRT-PCR analysis
qRT-PCR quantification was performed on 10 L. lactis genes. Six of them were selected on the basis of read count levels in the TS experiments, from high (eno and tuf ) and intermediate (nrdE and secA) to low (gltB and thiD). The other four genes, tpx, gpmA, llmg0195 (putative NADH dehydrogenase) and llmg2023 (universal stress protein A), were selected among the DEGs observed in the SMART, OV and ENC experiments. Primers designed using the Primer3Plus software are listed in Additional file 1: Table S8 . Reverse transcription reactions were carried out on 150 ng L. lactis total RNA using random hexamers and Superscript II RT (Life Technologies), according to the manufacturer's instructions. The synthesized cDNA was used as the template for qPCR reactions performed using the KAPA SYBR Fast qPCR kit (KapaBiosystems) on an Mx3005P qPCR System (Agilent Technologies). cDNA copies were quantified for each gene relative to a standard curve made from serial dilutions of purified L. lactis genomic DNA.
Comparison of RNA-Seq and qRT-PCR quantifications was visualized by a scatter plot of the LOG 10 of the read counts and the LOG 10 of the qPCR quantification [37] .
Availability of supporting data
The data sets supporting the results of this article are included within this article and its additional files.
Additional files
Additional file 1: Table S1 . Characteristics of each bacterium genome. Table S2 : Proportions of detected genes and of covered intergenic bases. Table S3 . Taxonomic assignation of the MIX libraries reads. Additional file 2: Figure S1 . Gene expression profile of L. lactis samples versus MIX samples. Figure S2 . Gene expression profile of the two replicates from L. lactis samples. Figure S3 . Gene expression profile of the two replicates from MIX samples. Figure S4 . Gene expression profile of TS versus OV, SMART and ENC methods in L. lactis samples. Figure S5 . mRNA differential expression profile in L. lactis samples. Figure S6 . mRNA differential expression profile in MIX samples. Figure S7 . Scatter plots of gene expression levels detected by RNA-Seq and qRT-PCR for 10 L. lactis genes. Figure S8 . Gene expression profile of depleted RNA L. lactis samples versus total RNA L. lactis samples. Figure S9 . Gene expression profile of depleted RNA MIX samples versus total RNA MIX samples. 
